The timing of germination is a key life-history trait that may strongly influence plant fitness 26 and that sets the stage for selection on traits expressed later in the life cycle. In seasonal 27 environments, the period favourable for germination and the total length of the growing 28 season are limited. The optimal timing of germination may therefore be governed by 29 conflicting selection through survival and fecundity. We conducted a field experiment to 30 examine the effects of timing of germination on survival, fecundity, and overall fitness in a 31 natural population of the annual herb Arabidopsis thaliana in north-central Sweden. Seedlings 32 were transplanted at three different times in late summer and in autumn covering the period of 33 seed germination in the study population. Early germination was associated with low seedling 34 survival, but also with high survival and fecundity among established plants. The advantages 35 of germinating early more than balanced the disadvantage, and selection favoured early 36 germination. The results suggest that low survival among early germinating seeds is the main 37 force opposing the evolution of earlier germination, and that the optimal timing of 38 germination should vary in space and time as a function of the direction and strength of 39 selection acting during different life-history stages. 40 41
Introduction

45
Because of conflicting selection, the adaptive value of a given trait may change during the life 46 cycle. Under conflicting selection, a positive effect of a trait on one fitness component is 47
Study species and study site 95
Arabidopsis thaliana (L. 
Experimental manipulation of the timing of germination 103
To examine how germination timing affects plant fitness, we transplanted newly-germinated 104 seedlings to the source population in August, September, and October (representing early, 105 peak, and late germination, respectively) in 2008, and recorded survival, growth, flowering 106 time, and fecundity of the three cohorts. 107
We used seeds of eight lines originally collected from the study site. The lines had gone 108 through two generations of selfing in the lab to reduce environmentally induced variation. The 109 seeds were planted in 2.7 × 2.7× 7 cm plugs (length × width × depth) in plug trays filled with 110 equal proportions of unfertilised peat (Weibulls Horto AB), gravel, and sand collected from 111 the field site. The plug trays were placed in a cold room (4°C) for four days of stratification, 112
and then moved to a growth chamber at 18°C with a 16 h light, 8 h dark photoperiod at the 113 Evolutionary Biology Centre, Uppsala University for a week to promote germination. The 114 resulting seedlings were placed outside for three days for acclimation, before being 115 transplanted to the field. 116
In the field, three experimental plots about 40 × 60 cm large were established prior to the 117 first transplant in August. The vegetation was removed and, to reduce the likelihood of 118 seedling establishment from the seed bank, the top soil was replaced by soil collected locally 119
Akiyama and Ågren Page 6 6 but outside the population. Plants in the August cohort were germinated in early August and 120 were transferred to the field on 15 August. Plants in the September cohort were germinated in 121 early September and were transferred to the field on 15 September. Plants in the October 122 cohort were germinated in late September and were transferred to the field on 9 October. Tukey's HSD test was used to determine which cohorts differed. The statistical significance 178 of random effects was assessed using the log-likelihood ratio test (Littell et al., 1996) . The 179 cohort × line interaction was not statistically significant in any analysis (P = 0.16-1.00) and 180 was removed from the final models. 181
182
Results
183
Timing of germination vs. survival 184
The field experiment demonstrated that the direction of viability selection on germination 185 timing shifted from the establishment phase to later life-history stages (Fig. 1a) . Before winter, 186 the August cohort had the lowest survival, followed by the September, and October cohorts, 187 but this order was reversed for survival over winter and in spring. Overall survival from 188 transplantation until reproduction was higher in the August and September cohorts than in the 189
October cohort (Fig. 1a) , and did not vary among lines (P = 1.0). (Table 1) . Two 205 weeks after transplantation, before winter, and in early spring, the August cohort had a larger 206 leaf rosette than the September cohort had, and the September cohort in turn had a larger leaf 207 rosette than the October cohort had (Table 1 ). The August cohort was larger at flowering and 208 began flowering earlier than did the September and October cohorts (Table 1) . 209 210
Phenology of seedling establishment 211
The monitoring of natural seedling establishment and the experimental removal of seedlings 212 suggested that almost all germination occurred between August and October in the study 213 population. In the observational study, very few seedlings had appeared in mid August and 214 the number of seedlings yet without true leaves peaked before mid September and then 215 decreased (Fig. 2) . However, more seedlings with cotyledons only were observed on 23 216
October than on 10 October indicating that some germination occurred also in mid October. Early germination was associated with low survival during the establishment phase, but 234 also with large rosette size before winter, high survival later in life and high fecundity. 235
Differences in survival and growth until the end of autumn could to a large extent be 236 attributed to differences in environmental conditions during the first two weeks the seedlings 237 experienced in the field. In the August and September cohorts, most of the mortality before 238 winter occurred during this period. Moreover, two weeks after transplantation, the August 239 cohort had rosettes that were more than twice as large as those produced by the September 240 cohort and more than three times as large as those produced by the October cohort. Drought is 241 likely to be a major challenge to establishing seedlings in August when soil moisture still is 242 low and temperatures relatively high. However, for seedlings that establish in suitable micro-243 habitats, the relatively high temperatures and long days should be favourable for growth. Thedensity of plants in the experimental arrays increased from when the first to when the last 245 cohort was transplanted, but this is less likely to have affected plant growth and survival. In 246 the arrays, plants were widely spaced (about 3 cm) relative to their size (rosette diameters 247 before winter, median 0.6 cm, range 0.20 -4.8 cm) and rosettes did not overlap. Moreover, 248 the experimental plots were not colonised or shaded by other plant species. 249
Our results suggest that differences in germination timing contribute to the development of 250 size hierarchies, and thereby to the absence of a phenotypic trade-off between size and age at 251 reproduction. Size before winter varied among cohorts, and the associated differences in 252 winter and spring survival and fecundity are consistent with the common observation of 253 survival and fecundity being positively related to plant size (e.g., Stratton, 1992 Kentucky, USA, an early cohort (representing mid-autumn germination) produced larger 263 rosettes before winter, began flowering earlier in spring, and tended to produce more fruits 264 than did a late-autumn cohort (Donohue, 2002) . In that experiment, autumn and winter 265 survival was very high and did not differ between cohorts, and all variation in fitness was 266 related to differences in fecundity. The relatively mild winter conditions of Kentucky were 267 apparently associated with reduced importance of viability selection among the cohorts 268 examined, compared to the situation in the Rödåsen population. One caveat is that neither 
